The objectives of this study were to investigate the morphological characteristics, grain yield, and anthocyanin content of 36 black rice accessions that were collected from different locations in Vietnam. The results showed that the black rice accessions varied in growth duration (130 to 150 days), plant height (91.5 to 143.6 cm), morphological characteristics, and yield components. Grain yield of the black rice accessions ranged from 2.8 to 8.7 tons ha -1 . The black rice accessions were classified into four groups based on their anthocyanin content: group I > 0.1% anthocyanin, group II 0.05%-0.1%, group III 0.001%-0.05%, and group IV < 0.001%. BR7 had the highest anthocyanin content (0.1438%), followed by BR5 (0.1317%). Anthocyanins with the strongest antioxidant activities were extracted from BR8, BR35, BR6, BR27, BR30, BR32, BR18, BR17, BR19, and BR1 with IC 50 values less than 2 µg mL -1 . Seven promising black rice accessions, namely BR1, BR14, BR17, BR25, BR30, BR34, and BR35, were selected for further research based on their high anthocyanin contents, and good grain yield and yield components.
Introduction
Rice (Oryza sativa L.) is the most important staple food in the world, feeding more than 50% of the world's population (Huang et al., 2016) , and provides up to 76% of the calorific intake of the population in South East Asia (Fitzgerald et al., 2009) . The traditional diet in Vietnam as well as in other Asian countries is largely based on polished white rice with a high glycemic index (GI) or glycemic load (GL). The higher dietary GI or GL has been shown to have a significant relationship with diabetes and cardiovascular diseases such as lower levels of HDL-cholesterol, higher triacylglycerol levels, and higher HbA 1c levels (Chiu and Taylor, 2011) . Nowadays, type 2 diabetes and cardiovascular diseases are major causes of morbidity and mortality around the world, threatening the economies of all nations (Leeder et al., 2004) . Therefore, to curb the escalating diabetes epidemic and cardiovascular disease, primary prevention through the promotion of a healthy diet and lifestyle should be a global public policy priority (Frank, 2011) .
Black rice is a good source of fibre, minerals, and phytochemicals besides containing basic nutrients. Recently, more and more nonglutinous black rice varieties have been developed and gained increasing popularity as a staple food to replace white rice (Zhang et al., 2010) . The color of black rice is caused by anthocyanins which are the group of reddish purple water-soluble flavonoids located in the pericarp, seed coat, and aleurone layer (Kushwaha, 2016) . Four different anthocyanins (cyanidin-3-glucoside, peonidin-3-glucoside, cyanidin-3,5-diglucoside, and cyanidin-3-rutinoside) have been identified in black rice (Hou et al., 2013) . Anthocyanin is one of the most important antioxidants in preventing cancer and cardiovascular disease (Sancho and Pastore, 2012) . Several research articles have shown the positive effects of black rice on human health as an important source of vitamins and minerals (Meng et al., 2005) , natural food colorant (Guisti and Wrolstad, 2003; Konczak et al., 2004) , antiinflammatory agent (Min et al., 2010) , and health-promoting food ingredient in combating diabetic complications (Yawadio et al., 2007) .
As consumers' health awareness increases and their food patterns change, research and the development of special foods such as black rice, colored corn, and soybeans have received much attention (Zhang et al., 2010) . However, the phytochemicals in whole grains, including anthocyanins, have not received as much attention as those in fruits and vegetables because many previous studies have underestimated grain phytochemicals (Liu, 2007) . Several studies have focused mainly on phytochemical content and antioxidant activity of whole grain white rice or rice bran, and a limited number of studies have reported the antioxidant activity of black rice (Zhang et al., 2010) . The concentration of anthocyanins as well as antioxidant activity is different depending on the grain type, variety, and growth conditions (Mpofu et al., 2006; Liu, 2007) . However, previous studies did not emphasize different types and varieties of black rice. Therefore, more complete analyses of anthocyanin content and antioxidant activity of diverse varieties of black rice are needed. Knowing the antioxidant activity of different black rice genotypes will give insights to their potential application in promoting health (Zhang et al., 2010) . This current study aimed to investigate the anthocyanin content as well as agronomic characteristics and grain yield of several local black rice accessions in Vietnam.
Materials and Methods

Materials
Thirty-six local black rice accessions which were coded from BR1 to BR36 were collected from different locations in Vietnam (Table 1) .
Methods
Experimental design
The experiment was conducted in the spring 2017 season in Gia Lam, Hanoi. Rice seedlings were transplanted into the field when they had 2-3 leaves. Hill spacing was 25 cm by 15 cm with 1 seedling per hill. Fertilization (N-P-K) was applied with the ratio 90-90-90 kg ha -1 . The chemical fertilizers were urea (46% N), superphosphate (16% P 2 O 5 ), and potassium chloride (60% K 2 O).
Measurements and data analysis
The following growth and yield parameters were measured following the methods of IRRI (2013): growth duration, plant height, morphological characteristics, yield, and yield components. To measure the parameters, 5 plants were randomly sampled from each cultivar, excluding plants in the two rows on each side to avoid border effects.
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Total anthocyanin content (TAC) was quantified using the pH differential method reported by Sutharut and Sudarat (2012) . TAC was determined from the whole grain rice after dehulling. Samples of 100 μL of grain extract were brought up to 1 mL volume either with 0.025 M potassium chloride buffer (pH = 1.0) or 0.4 M sodium acetate buffer solution (pH = 4.5). The absorbance of each mixture was measured at 510 and 700 nm using a UV-VIS (2) where A is the absorbance from Eq.1, M is the molecular mass of cyanidin-3-O-glucoside (M = 449.2), DF is the dilution factor (100 μL of sample was diluted to 1 mL, DF = 10), and ε is the molar absorption coefficient of cyanidin-3-Oglucoside (ε = 26 900 L (mol·cm) -1 ). TAC (in %) was calculated using the following equation:
where a is TAC in mg L -1 from Eq.2, m is the weight of the initial material (g), and w is the moisture content of the initial material (%). Antioxidant capacity was performed using the DPPH (2,2-diphenyl-1-picrylhydrazyl) Free Radical Scavenging Method reported by Yue and Xu (2008) . The DPPH reagent (0.025 g) was dissolved in 1000 mL of methanol for preparing the DPPH reagent solution. Two milliliters of the DPPH solution was mixed with 50, 100, and 150 µL of the sample solutions and transferred to a spectrophotometer cuvette. The reactions were carried out at 25°C for 30 min in a dark room and then the absorbance of each reaction mixture was monitored at 515 nm using a UV-visible spectrophotometer. The inhibition percentage of the absorbance of the DPPH solution was calculated using the following equation:
where OD c is the absorbance of DPPH at time zero and OD m is the absorbance of DPPH after 30 min of incubation for the reaction. The inhibition percentage of the absorbance of DPPH was plotted against each quantity of the extract solution to obtain a regression line. From the regression line, the IC 50 (inhibitory concentration of 50% of the DPPH radicals) value was derived. The lower the IC 50 , the higher the antioxidant activity is. The data were statistically analysed by Microsoft Excel 2013.
Results and Discussion
Growth and morphological characteristics
Growth duration affects the cropping system and is influenced by both genetics and the environment. Early maturing crops evacuate the land early for the next crops and can escape insect pest attacks if handled promptly (Jamal et al., 2009) . Nowadays, breeding efforts are underway to develop short lived varieties of rice with high yield potential. In the present study, the growth duration of the local black rice accessions ranged from 130 days to 150 days ( Table 2 ). The low air temperature in the spring season might have caused prolonging of the growth durations of the black rice accessions.
Plant height is one of the most important bio-agronomic traits and is closely related to photosynthetic capacity, lodging resistance, and the fertilization response ability of a plant. When the plant height is too short, the plant produces less dry matter; whereas, if it is too high, it is vulnerable to lodging and less responsive to N fertilization (Yoshida, 1981) . The increase of plant height is usually due to the elongation of stem internodes. Lines having longer internodes produce taller plants (Ashrafuzzaman et al., 2009 ). Plant height is governed by the genetic makeup of the cultivar as well as environmental factors (Hussain et al., 2014) . Plant height of the local black rice accessions in our research varied from 91.5 cm to 143.6 cm ( Table 2) . Of the 36 black rice accessions we studied, 13.9% belonged to the semi-dwarf group with plant heights less than 100 cm, 44.4% belonged to the intermediate group with plant heights from 100 to 120 cm, and 41.7% belonged to the tall group with plant heights more than 120 cm.
The basic characteristics of rice plants such as flag leaf length and width, panicle length, and leaf angle, etc. affect the growth, development, photosynthetic rate, and final productivity of the plant and are often used to select the best phenotypic variety which increases the yield and plant resistance. The results of the morphological trait measurements of the local black rice accessions are presented in Table 2 . The flag leaf plays a crucial role in grain yield, Vietnam Journal of Agricultural Sciences spikelet fertility, panicle size, and grain size and weight. Rice varieties with larger flag leaf areas can perform more photosynthetic activities (Ashrafuzzaman et al., 2009) . The flag leaf dimension varies depending on genotype, air temperature, photoperiod, and other traits such as plant height and plant population density (Jamal et al., 2009 ). In our study, flag leaf length of the 36 black rice accessions fluctuated between 23.1 cm and 57.6 cm. BR5 and BR27 had the shortest flag leaves (23.1 and 24.8 cm, respectively), and were classified into the short flag leaf group. Twenty black rice accessions belonged to the intermediate flag leaf group (flag leaf lengths from 25.0 cm to 35.0 cm), accounting for 55.6% of the accessions. The remaining accessions (38.8%) belonged to the long flag leaf group with flag leaf lengths of more than 35.0 cm. The breadth of the flag leaves ranged from 1.45 cm to 1.93 cm and no accession belonged to the narrow leaves group.
Panicle length has indirectly contributed to increments in rice grain yield by increasing the number of panicles per unit area and the number of spikelets per panicle. According to Fageria et al. (2010) , panicle length has a significant quadratic relationship with grain yield. Panicle lengths of the black rice accessions in the present study varied from 21.8 cm to 37.6 cm, respectively. Eight accessions were having a long panicle length (more than 30.0 cm), accounting for 22.2%; 18 accessions had an intermediate panicle length (26.0-30.0 cm), accounting for 50.0%; and the remaining (27.8%) had short panicles lengths (20.0-25.0 cm). No accession was assigned to the very short panicle group (panicle lengths less than 20 cm) ( Table 2) .
Panicle base length is an important trait for improving panicle architecture and grain yield in rice. When the length of the panicle base is positive, the panicle rises completely out of the flag leaf; in contrast, when panicle base length is negative, the panicle is clenched in the flag leaf, leading to an increase in the unfilled grain percentage. Panicle bases that are too long increase the chance that the panicle will be easily broken during ripening. The results in Table 2 show that the panicles of all the black rice accessions were completely out of their flag leaves with the panicle base lengths ranging from 1.44 cm to 13.68 cm.
The panicle base diameters of the black rice accessions varied from 0.18 cm (BR24) to 0.32 cm (BR8). A larger panicle base diameter corresponds to a higher vascular number in the panicle base which leads to more primary and secondary panicle branches. This is a good premise to achieve a high number of grains per panicle and increase grain yield (Lee et al., 1992) .
Grain yield and yield components
One of the main objectives of any breeding program is to produce high yielding and good quality lines for release as cultivars to farmers. Of the top four yield components, panicle number per unit area is considered as one of the most important factors in increasing rice yield (Fageria et al., 2010) . In conformity with the results of that study, Gebrekidan and Seyoum (2006) demonstrated that panicle number was associated positively (r = 0.61) with grain yield. The number of panicles per hill of the local black rice accessions had huge fluctuations from 2.5 to 13.4 panicles. Classification results showed that 11 black rice accessions (accounting for 30.6%) belonged to the little panicle group (number of panicles per hill was less than 5); 12 accessions (accounting for 33.3%) belonged to the intermediate group (number of panicles per hill was between 5 and 8); and 13 accessions (36.1%) had many panicles (number of panicles per hill was more than 8) ( Table 3) .
The number of spikelets has been shown to be associated positively and highly significantly with grain yield and panicle length (Gebrekidan and Seyoum, 2006) . Spikelet number per unit area determines the sink size of the rice because the variability of a single grain weight is small within a genotype. Spikelet number is the product of the panicle number per unit area and spikelet number per panicle. A negative correlation is generally observed between these two numbers. Thus, recent efforts for breeding high-yield rice genotypes have been directed to those types having a larger number of spikelets per panicle (Kobayasi et al., 2001) . The majority of the local black rice accessions in our study had a small number of grains per panicle, while only 11 accessions (accounting for 30.6%) had high data for this trait (more than 200 grains per panicle) (Table 3) . A high number of filled grains increases the panicle weight, leading to enhanced grain yield. This parameter depends on many factors such as fertilization, light intensity, air temperature, and other climate conditions, especially during the panicle initiation period. In our study, the filled grain percentage values of all the black rice accessions were very high (more than 90%). The warmer daily temperatures which occurred during the flowering stage of the rice crop between April and May might have contributed Note: * The data are presented as mean ± standard deviation (SD);  P1000: Thousand-grain weight. to the increase in the fertility of the spikelets. Nishiyama (1995) also reported that the prevalence of cool air temperatures during the flowering stage increases sterility in rice crops by affecting pollination and fertilization. The thousand-grain weight (P1000) is the final important yield-forming attribute of grain yield. Bharali and Chandra (1994) reported the correlation and influence of the thousand-grain weight with the flag leaf area. Other factors like adaptability, temperature, soil fertility, transplantation season, and time might also be responsible for the thousand-grain weight (Jamal et al., 2009) . However, the thousand-grain weight is the most stable factor under strict hereditary control. Therefore, this important characteristic is often used to classify a variety into a group and select better phenotypic varieties. In the 36 black rice accessions, only BR13 and BR29 had very high thousand-grain weights (35.3 g and 35.1 g, respectively). Meanwhile, BR5 and BR27 had very low thousand-grain weights (less than 20.0 g). The BR5 and BR27 accessions also had short flag leaf lengths among the 36 surveyed accessions.
Grain yield of the local black rice accessions in the present study varied from 2.8 to 8.7 tons ha -1 . The BR8 accession had the highest grain yield because it had the highest values in panicle length, number of grains per panicle, and percentage of filled grains. In contrast, BR32 showed the lowest grain yield with the smallest number of panicles per hill and number of grains per panicle.
Total anthocyanin content and antioxidant activity of black rice accessions Total anthocyanin content
The results of the anthocyanin content in the 36 black rice accessions are presented in Table 4 .
Among the 36 black rice accessions, BR1, BR5, BR7, BR14, BR17, BR25, BR27, BR30, BR34, and BR35 had high anthocyanin contents (more than 0.1%); and of these, BR7 had the highest anthocyanin content (0.1438%), followed by BR5 (0.1317%). BR4 and BR24 had the lowest anthocyanin contents with 0.0015%. No anthocyanin was measured in BR9, BR11, BR13, and BR29. In the research of Shao et al. (2018) , anthocyanins were detected in black rice with contents ranging from 15.57 to 1417.12 mg kg -1 depending on the genotype. Based on the different anthocyanin contents, we divided the black rice accessions into four groups as shown in Table 5 .
Combining anthocyanin content with the observations of grain color, we found that in general, the samples with a darker grain color had a higher anthocyanin content such as BR1, BR5, BR17, and BR30. According to Pereiracaro et al. (2013) , coloration of rice is derived from the accumulation of anthocyanins. Many studies have reported that colored rice varieties are rich of anthocyanins and other polyphenolic compounds much more abundantly than non-colored rice varieties (Moko et al., 2014) . Trung et al. (2016) showed that a rice sample with a black shell (N20) and a sample with the red-brown shell (N25) contained the highest and the lowest anthocyanin contents (more than 0.2% and less than 0.01%, respectively). Nevertheless, we observed several special cases such as BR7, which had a brown color but belonged to the highest anthocyanin content group (group I), and BR8, which was completely black but the anthocyanin content was lower than that of BR27. It is possible that due to the nature and chemical compositions of the anthocyanins, changes in pH, for example, led to variations in the grain color instead of black or dark brown as usual. However, further research is required to confirm the exact causes of these specific cases. It has not been concluded clearly whether ordinary rice or sticky rice has a higher anthocyanin content.
Antioxidant activity
The antioxidant activity of anthocyanins in the black rice accessions was determined using the DPPH assay and expressed in IC 50 values, which are the inhibitory concentrations of 50% of the DPPH radicals (Figure 1 ). Lower IC 50 values show higher antioxidant activity. In our study, anthocyanins with the strongest antioxidant activity were extracted from ten black rice accessions, namely BR8, BR35, BR6, BR27, BR30, BR32, BR18, BR17, BR19, and BR1. Most of these accessions also had a high anthocyanin content and black or dark brown color. Our results were consistent with those reported by Zhang et al. (2010) . According to their study, total antioxidant activity in black rice was significantly correlated to the content of total phenolics, total flavonoids, and anthocyanins. The antioxidant properties of colored rice and non-colored rice were determined by Hu et al. (2003) and Chakuton et al. (2012) , who showed a significant positive correlation between pigmented varieties and their antioxidant activity. The antioxidant properties of colored rice bran were higher than those of non-colored rice bran because of the presence of anthocyanins, which are potent reducing agents and possess strong radical scavenging activities (cited by Moko et al., 2014) . Jiao et al. (2012) researched the antioxidant capacity of an anthocyanin extract from purple sweet potato (Ipomoea batatas L.) which resulted in an IC 50 value of 6.94 µg mL -1 . The red rice variety investigated by Moko et al. (2014) had the highest DPPH scavenging radical activity (88.29 ± 5.62%), with the lowest IC 50 value (26.26 ± 0.95 µg mL -1 ) and the highest total anthocyanin content (68.61 ± 1.98 mg g -1 ). These data showed that the anthocyanin extracts from the black rice lines in our study had higher antioxidant activities than the purple sweet potato and several other rice varieties. In black rice, cyanidin-3-glucoside (Cy-3-Glc) has been reported to be one of the major antioxidant compounds (Ryu et al., 1998) , and the anthocyanin cyanidin-3-glucoside has been shown to have strong superoxide radical scavenging activities (Ichikawa et al., 2001) . Based on the anthocyanin content as well as the growth characteristics and grain yield, we selected seven promising black rice accessions for further research, namely BR1, BR14, BR17, BR25, BR30, BR34, and BR35, as shown in Table 6 .
All the selected black rice accessions had high anthocyanin contents (more than 0.1%), and relatively high productivity (from 3.6 to 4.5 tons ha -1 ). The most promising accessions belong to the semi-dwarf group or intermediate group to establish lodging resistance and fertilization responsive ability of the plants.
Conclusions
The black rice accessions varied in growth duration, plant height, morphological characteristics, and yield components. Grain yield of the black rice accessions varied from 2.8 to 8.7 tons ha -1 . Using the pH differential method to measure anthocyanin content, we divided the black rice accessions into four groups: group I > 0.1% anthocyanin, group II 0.05%-0.1%, group III 0.001%-0.05%, and group IV < 0.001%. BR7 had the highest anthocyanin content (0.1438%), followed by BR5 (0.1317%). Anthocyanins with the strongest antioxidant activity were extracted from ten black rice accessions, namely BR8, BR35, BR6, BR27, BR30, BR32, BR18, BR17, BR19, and BR1, with IC 50 values less than 2 µg mL -1 . As far as antioxidants and their activity are concerned, it was found that in general, dark-coloured rice contained more anthocyanin and antioxidant activity than light-colored rice. The seven black rice accessions selected for further study, BR1, BR14, BR17, BR25, BR30, BR34, and BR35, are promising sources of antioxidative phytochemicals and have the potential to be released as cultivars to farmers. The differences in anthocyanin content and antioxidant activity among the diverse black rice genotypes opened a door for scientists to breed and choose varieties with higher anthocyanin contents and grain yields, as well as for the food industry to develop new products to compete in today's functional food markets.
